Abstract Circadian rhythms of flashing and glow were recorded simultaneously in Gonyaulax polyedra by determining maximum and minimum light emission at each measured interval of 28 sec. In constant light, the two rhythms in some cases showed different period lengths (&tau;), the glow rhythm being up to 1 hr shorter than the flashing rhythm. Lower temperatures shortened the &tau; of the glow rhythm more than that of the flashing rhythm. The amplitude of the flashing rhythm decreased when the temperature was increased from 15&deg;C to 25&deg;C, whereas that of the glow rhythm was increased. These results may indicate that the two rhythms are controlled by two separate oscillators.
MATERIALS AND METHODS

CULTURES
The marine dinoflagellate Gonyaulax polyedra Stein (strain 70) was cultivated in 2. 8-liter Fembach flasks in autoclaved seawater enriched with f/2 media (Guillard and Ryther, 1962) at 19-22°C. The cells were grown in alternating white light (4000 lux) and darkness (LD 12:12) . During the light phase, cells were transferred into 10-ml scintillation vials and illuminated with constant cool white light (LL; 1000 lux= 20 )JbE -m-2 . sec-1 ) at constant temperature. The cell numbers were determined with a Coulter Counter.
MEASUREMENTS
The rhythms of bioluminescence were recorded by means of a mechanically and electronically modified version of an apparatus (Taylor et al., 1982b) (Fig. lb) .
In LL, Gonyaulax maintained both rhythms for many days, with only a single maximum during the &dquo;subjective&dquo; night phase corresponding to the former dark period in LD (Fig.  lc) . The circadian bioluminescence usually began with flashing 1 hr before the beginning of the subjective night (circadian time [CT] 11). The flashing maximum occurred during the earlier part of the subjective night, and the glow maximum somewhat later-in this case (at 21°C), without striking differences in period length (Fig. lc) . These data are in accordance with many previous findings (see, e.g., Krasnow et al., 1980 Taylor et al., 1982a) . The flashing rhythm, however, maintained a single peak during each period.
The different temperatures acted differently on the period length and shortened T of the glow rhythm more than T of the flashing rhythm (Fig. 2, Table 1 ). Because of the reduced flashing intensity during the first periods at 25°C, maxima were difficult to determine. The onset of circadian activity, however, was detectable. Double glow peaks ( 18°C) were not used for T determination. During another series of measurements at 21°C (Fig. 3) , Gonyaulax (Fig.  4) . At 11°C, the glow activity was immediately suppressed and could not be measured, whereas the flashing increased during the next subjective night and showed a delayed maximum compared to that of 21°C. The flashing activity thereafter decreased to very low levels without further signs of rhythmicity at this temperature.
We were interested, furthermore, in the recovery time of both rhythms. When the temperature was shifted from 11°C to 21°C, the next maxima of flashing and glow occurred 29 hr and 35 hr, respectively, after the shift. This result supports the notion that the circadian oscillation needs a defined time interval from a holding position to reach a certain phase. (Scholfbbers et al., 1984) , were confirmed and extended in our experiments. We also confirmed that a temperature shift from 11°C to 21°C seems to start the rhythms inevitably at a phase of CT 11, with the next onset of flashing occurring one circadian period after this temperature shift. A corresponding time interval of 35 hr between the re-establishment of &dquo;normal&dquo; conditions and the occurrence of the first glow maximum has been previously described (Hastings and Sweeney, 1957; Njus et al., 1977; Gooch, 1985) . It is reassuring that our novel method of data acquisition has revealed results consistent with the previous findings.
The modification of the Taylor et al. (1982b) apparatus is based on a determination of an averaged maximum and minimum of the light emission during each measurement. This method allows the simultaneous recording of data on both rhythms. The possibility that very frequent flashing raises the minimum value taken as glow was discussed in regard to the previous data acquisition program described as the &dquo;histogram technique&dquo; (Krasnow et al., 1980) , but this was not observed either in their data or in ours. The different behavior of the two bioluminescence rhythms, in terms of amplitude and frequency changes with the different temperatures, makes it very unlikely that the glow is an artifactual or downstream event of flashing. If flashing and glow are assumed to be independent phenomena, the underlying mechanism may be independent as well.
Flashing bioluminescence is correlated with scintillon numbers , with the level of luciferin-binding protein (Morse et al., 1989) , and with luciferase activity (Dunlap and Hastings, 1981) , whereas glow luminescence has been tentatively associated with a breakdown of scintillons and with cell division (Sweeney and Hastings, 1958; Krasnow et al., 1980) . Whatever the actual mechanism of bioluminescence may be, flashing and glow have been assumed to be two hands of a single cellular clock. This clock is thought to control many other rhythmic processes, such as photosynthetic capacity (Knoetzel and Rensing, 1990) , cell division (Sweeney and Hastings, 1958; Vicker et al., 1988; Homma and Hastings, 1988) , cell motility (Roenneberg et al., 1989) , and synthesis rates of proteins (Schroder-Lorenz and Rensing, 1986; Morse et al., 1989) . The conclusion concerning the existence of a single clock is based in particular on the observation that the period length and phase relations of the different rhythms remain constant under a given set of conditions (McMurry and Hastings, 1972 (449, 349, 255, 182, 90, -7, and -74 min) until double peaks of glow hampered a further analysis.
On the basis of our results, which revealed different period lengths of the flashing and glow rhythms for up to 2 weeks in several series of experiments, the assumption of a single underlying clock needs to be revised or at least re-evaluated. The simplest hypothesis to explain recordings in which almost all possible phase relations between the maxima of flashing and glow occur successively (Fig. 3) is a two-oscillator system, which may be uncoupled under certain conditions. The mechanism of the two oscillators may be identical, but they may reside in two different compartments, which perhaps differ in their internal conditions (e.g., pH, Ca2+, etc.). These compartments may show different temperature dependencies.
Another problem is related to the interpretation of the different changes in the amplitudes of both rhythms (Sweeney, 1987) . Higher temperatures and higher light intensities (Krasnow et al., 1980) increase the glow amplitude, but decrease the flashing amplitude. The inverse effects of the amplitudes of both rhythms do not necessarily imply two oscillators. Such a difference may be explained by assuming different dependencies-for example, on the viscosity of the membranes, which is inversely related to temperature changes. The phenomenon of similar effects of high-intensity light and high temperature is of interest, because it had been observed also when these were given as phase-shifting pulses (Scholfbbers et al., 1984) .
The suppression of the two rhythms at 11 °C may be attributed to an inhibition of the clock mechanism, to a suppression of bioluminescence, or to both. However, the flashing is not blocked for about 30 hr at this temperature, whereas the glow rhythm seems to be immediately suppressed. This again supports the notion that the two processes are not linked, and that the lack of rhythmicity results from a &dquo;holding&dquo; of the clock at a specific phase or an altered state of the limit cycle (Gooch, 1985) uncoupled from the hands.
